A novel polyvinylidene fluoride/tetrabutylammonium chloride (PVDF/TBAC) tree-like nanofiber mat loaded with manganese dioxide (MnO 2 ) as a highly efficient lead adsorbent was successfully fabricated. The adsorbent was prepared by in situ polymerization of pyrrole monomer on the surface of the PVDF/TBAC tree-like nanofiber mat, and subsequently reacted with KMnO 4 solution to deposit MnO 2 . The morphology and structure of the as-prepared adsorbent were measured by field emission scanning electron microscopy (FE-SEM) and the tree-like structures can be clearly seen from the FE-SEM images. nanofiber mat. The kinetics of Pb 2+ adsorption was found to follow a pseudo-second-order rate model.
Introduction
Recently, heavy metal contamination in wastewater with the rapid increase in global industrial activities has received considerable attention due to the high toxicity and nonbiodegradability of the heavy metal ions.
1-3 Pb 2+ is one of the most common heavy metal ions in polluted water bodies due to its widespread use in industry, especially in battery manufacturing and metal plating. 4, 5 Besides, it is one of the most toxic heavy metal ions to humans due to its accumulation in the bone, brain, kidney and liver, which may cause many serious diseases. 6, 7 Hence, it is essential to remove Pb 2+ from drinking water or lower the concentration of Pb 2+ .
Various techniques have been used for this aim, including chemical precipitation, 8, 9 chemical reduction, 10 ion exchange, 11, 12 membrane separation, 13 ultraltration, 14 biological treatment, 15 and adsorption, etc. [16] [17] [18] Among them, adsorption is an effective and versatile method that is capable of removing trace levels of heavy metal ions from dilute solutions.
Currently, nano-sized metal oxide adsorbents were used for the removal of heavy metal ions, including nanoparticles of ferric oxides (Fe 2 O 3 ), 3, 19, 20 aluminium oxides (Al 2 O 3 ), 21 cerium oxides (CeO 2 ), 22 zinc oxides (ZnO) 23 and manganese oxides (MnO 2 ). [24] [25] [26] MnO 2 with advantages of high adsorption capacity and selectivity, have recently been receiving considerable attention. [25] [26] [27] However, owing to the high surface energy, nanosized MnO 2 particles are inclined to agglomerate during the adsorption process which limits their practical application. 28 In addition, the separation of nano-sized MnO 2 particles from solutions is still a challenging issue. To solve these problems, nano-sized MnO 2 particles can be loaded on supports. Brandão et al. 29 rst fabricated a new composite material, cellulose acetate-supported MnO 2 particles (CA-MnO 2 ), which exhibited excellent Pb 2+ adsorption performance. As an increasingly popular nanofabrication technique, electrospinning has emerged as a versatile and effective method for manufacturing long continuous bers with diameters ranging from several micrometers down to a few nanometers. 30, 31 Owing to the large specic surface area, electrospun nanobers become promising candidates for the load of MnO 2 . As we all know, polyvinylidene uoride (PVDF) is a material with extraordinary properties including easy mouldability, good toughness, exibility, durability, excellent chemical and thermal resistance. 32, 33 Through physical or chemical modication, electrospun PVDF nanobers can be used in the application of heavy metal ions a School of Textile, Tianjin Polytechnic University, Tianjin 300387, PR China. E-mail: kweimin@126.com b College of Packaging and Printing Engineering, Tianjin Vocational Institute, Tianjin 300387, PR China adsorption. [34] [35] [36] [37] As reported by the literatures, polypyrrole (PPy) was widely used to reduce high valence of Mn compounds to prepare MnO 2 .
38,39 However, the uniform coating of PPy by in situ polymerization of pyrrole monomer usually occurred on the surface of polymer nanober with hydrophilicity. 27 Therefore, it was difficult to homogeneously load MnO 2 on the surface of PVDF nanobers due to its hydrophobicity. In our previous work, a novel PVDF/TBAC tree-like nanober mat was fabricated via one-step electrospinning for the rst time. 40 The addition of TBAC signicantly enhanced the hydrophilicity of the PVDF/ TBAC tree-like nanober mat. 41 Meanwhile, the emergency of the tree-like branch bers dramatically increased the specic surface area of nanober mat. 42 Therefore, the PVDF/TBAC treelike nanober mats are promising supports for the loading of MnO 2 .
In this contribution, polyvinylidene uoride/tetrabutylammonium chloride (PVDF/TBAC) tree-like nanober mat loading MnO 2 as highly efficient lead adsorbent was designed by in situ polymerization of pyrrole monomer, and subsequently reacted with KMnO 4 were purchased from Tianjin Kermel Co., Ltd., China. All of the materials were used as received without further purication.
Preparation of tree-like nanober mat
The PVDF/TBAC tree-like nanober mat was fabricated by adding certain amount of TBAC into PVDF solution via one-step electrospinning. The exhaustive methods were reported in our published paper. 40 The in situ polymerization of pyrrole monomer and redox reaction between the PPy and MnO 4 À was reported by Wang. 27,43 Typically, 1.3 g FeCl 3 $6H 2 O was rstly dissolved in 30 mL deionized water and then a piece of PVDF/ TBAC tree-like nanober mat was added into the solution. 3.2 g pyrrole was dissolved in 100 mL of deionized water. The polymerization was started by mixing the two solutions together. The mixed reaction solution was shaken in a thermostatic shaker bath, operating at 25 C and 100 rpm for 2 h. Then the PVDF/TBAC-PPy nanober mat was taken out, and subsequently added to a 250 mL round bottomed ask which contains 100 mL of 
where q e is the equilibrium adsorption amount (mg L 
where q t is the adsorption amount at time t (mg L À1 ), C 0 is the
and V is the volume of solution (L).
Desorption experiment
Reusability is one of the important aspects for the practical application of the adsorbent. In order to study the reusability of the adsorbents, 10 mg dry PVDF/TBAC-PPy-MnO 2 nanober mat was rst contacted with 30 mL 100 mg L À1 Pb respectively, and then washed thoroughly with deionized water for using in next cycle of adsorption. The above procedure was repeated for 5 times to test the reusability of the adsorbents.
Characterization
The morphology of nanober mats was observed by eld emission scanning electron microscopy (FE-SEM) (S-4800, Hitachi Ltd., Japan). The structural information of nanober was characterized by Fourier transform infrared spectroscopy (FT-IR) (TENSOR37, BRUKER, Germany). The Thermogravimetric analysis (TGA) (NETZSCH, Germany) for temperatures ranging from 30 to 900 C was performed at a heating rate of 10 C min À1 and an air ow of 60 mL min À1 . The adsorption mechanism was studied by X-ray photoelectron spectroscopy (XPS) (ThermoFisher K-alpha, England). Ions concentration was measured with an inductively coupled plasma mass spectrometry (Varian 715-ES, USA).
Results and discussions

Characterization of the PVDF/TBAC-PPy-MnO 2 nanober mat
The FE-SEM images of the pure PVDF, PVDF-PPy, PVDF-PPyMnO 2 , PVDF-MnO 2 , PVDF/TBAC, PVDF/TBAC-PPy, PVDF/ TBAC-PPy-MnO 2 and PVDF/TBAC-MnO 2 nanober mat were shown in Fig. 1 . It was clear that the surface of the pure PVDF nanober and PVDF/TBAC tree-like nanober became much coarser aer the coating of PPy and MnO 2 . It was worth noting that the hydrophilicity of nanober mat reduced aer coating with PPy, whereas signicantly enhanced aer the coating of MnO 2 . Meanwhile, the tree-like branch bers provided larger specic surface area for the coating of PPy and MnO 2 , which was benecial for the adsorption performance of nanober mat. In addition, due to the hydrophobicity of pure PVDF nanober mat, PPy couldn't be uniformly coated on the surface of PVDF nanober, which led to the lower MnO 2 loading amount. For the PVDF-MnO 2 and PVDF/TBAC-MnO 2 nanober mat, a large area of MnO 2 agglomerate could be observed and the MnO 2 couldn't be homogeneously coated on the surface of nanober. Fig. 2 shows the FT-IR spectroscopy results for the PVDF/ TBAC, PVDF/TBAC-PPy, PVDF/TBAC-PPy-MnO 2 and PVDF/ TBAC-MnO 2 nanober mats. By comparing the spectrums of PVDF/TBAC and PVDF/TBAC-PPy nanober mats, the new band at 1534 cm À1 was assigned to the pyrrole ring vibration.
The bands located at 1124 cm À1 was ascribed to the C-N stretching vibrations. The new peaks at 958 and 896 were attributed to C-H stretching vibrations and C-H deformations, respectively. 44 In the spectrum of PVDF/TBAC-PPyMnO 2 nanober mat, a new broad band at 1628 cm À1 and 3401 cm À1 was corresponded to the stretching vibrations of -OH, which indicate that MnO 2 was coated on the surface of PVDF/ TBAC-PPy nanober mat, and in the presence of MnOOH. 27 In the spectra of PVDF/TBAC-PPy-MnO 2 and PVDF/TBAC-MnO 2 nanober mats, the expected characteristic absorption peaks of Mn-O at 450 cm À1 , 520 cm À1 and 720 cm À1 did not emerge because of the amorphous state of MnO 2 , which was consistent with other researches. The thermal stabilities of PVDF/TBAC, PVDF/TBAC-PPy and PVDF/TBAC-PPy-MnO 2 nanober mats were studied by TGA, and the results were shown in Fig. 3 . It was clear that degradations of the three materials nished (almost 0, 10.30% and 53.57% remained) at around 550, 480 and 500 C for PVDF/ TBAC, PVDF/TBAC-PPy and PVDF/TBAC-PPy-MnO 2 nanober mat, respectively. In PVDF/TBAC-PPy nanober mat, the residues were the catalyst particles and impurities came from the preparation of PVDF/TBAC-PPy nanober mat. 27 According to researches, MnO 2 particles were stable up to 800 C. Therefore, the loading amount of MnO 2 in PVDF/TBAC-PPy-MnO 2 nanober mat can be estimated to be about 43.27%. However, lead ions are cations, and therefore this apparent selectivity is not related to the anion exchange process as mentioned above. Then, the adsorption capacity of PVDF/TBACPPy adsorbent for the lead ion was very low. For the PVDF/TBACMnO 2 nanober mat, the large area of agglomerate of MnO 2 led to its low adsorption capacity. In order to investigate the optimal loading ratios of MnO 2 , relevant experiments were performed. Adsorbents loaded with different amounts of MnO 2 were obtained by regulating the concentration of KMnO 4 solutions. The morphologies of PVDF/TBAC-PPy-MnO 2 nanober mats obtained from different 
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KMnO 4 concentrations were shown in Fig. 5 In order to better understand the adsorption behaviors, adsorption kinetic data are oen analyzed using two commonly used kinetic models, namely, the pseudo-rst-order kinetic model and the pseudo-second-order kinetic model. 47, 48 These two kinetic models are used to describe the adsorption of solid/ liquid systems, which can be expressed in the linear forms as eqn (4) and (5), respectively:
where K 1 and K 2 are the pseudo-rst-order and the pseudosecond-order rate constants, respectively. The adsorption kinetic plots for the adsorption of Pb 2+ were shown in Fig. 10 and the obtained kinetic parameters were summarized in Table 1 . High correlation coefficients (R 2 > 0.998) and the proximity between the experimental adsorption amount (q e,exp ) and the calculated equilibrium adsorption amount (q e,cal ) indicated that heavy metal ions adsorption onto PVDF/TBAC-PPy-MnO 2 nanober mat could be approximated favorably by the pseudo-second-order model. And pseudo-rst-order model did not show goodness of t. Therefore, the adsorption on PVDF/TBAC-PPy-MnO 2 nanober mat may be a chemical process through sharing or exchange of electrons between PVDF/TBAC-PPy-MnO 2 nanober mat and metal ions. amount with the increase of initial solution concentration was slightly faster at higher solution temperature than at low solution temperature. This may be due to an increase in thermal energy of the adsorbing species, which leads to higher adsorption amount and faster adsorption rate. The maximum adsorption capacities of the PVDF/TBAC-PPy-MnO 2 adsorbent for heavy metals were evaluated using the two well-known models of Langmuir and Freundlich isotherms. 19, 50, 51 The Langmuir model is based in the assumption of adsorption homogeneity, representing equally available adsorption sites, monolayer surface coverage, and no interaction between adsorbed species. The linear form of Langmuir isotherm equation is given by eqn (6):
where C e (mg g À1 ) is the equilibrium concentration on heavy metal ions in solution, q e is the adsorption amount at equilibrium concentration (mg g À1 ), q m (mg g À1 ) is the maximum adsorption capacity and b (L mg À1 ) is the Langmuir constant relate to the energy of adsorption. The Freundlich isotherm describes reversible adsorption and is not restricted to the formation of the monolayer. The Freundlich model takes the following form:
where K f and 1/n constants are related to the adsorption capacity and intensity of adsorption. The values of these parameters, as analyzed from the plots shown in Fig. 12 , were summarized in Table 2 . The higher values of correlation coefficient revealed that Langmuir model better tted the isotherm data well compared to the Freundlich model. The results indicated that this adsorption process took 
Pseudo-rst-model Pseudo-second-model This value was larger than those reported in literatures for other MnO 2 adsorbents, as shown in Table 3 .
The thermodynamic parameters such as changes in standard Gibbs free energy change (DG ln
where R (J mol À1 K À1 ) is the gas constant, m (g) is the adsorbent dose and T (K) is the absolute solution temperature. The value of DH 0 and DS 0 were obtained from the slope and intercept of the plots of ln K d versus 1/T, as shown in Fig. 13 . The related parameters were calculated and presented in Table 4 . The positive value of DH 0 conrmed that the adsorption process was endothermic in nature, while the positive entropy change (DS 0 ) suggested an increase in randomness at the PVDF/TBAC-PPy-MnO 2 adsorbent-solution interface. And the decrease in DG 0 values with the increasing temperature indicated that the adsorption process was spontaneous. 
Coexisting metal ions
It is very signicant to investigate the adsorption process in multicomponent heavy metal ion system since the natural and industrial effluents rarely contain one kind of heavy metal. In this study, Cu 2+ and Cd 2+ were used as the coexisting metal ions. 10 mg PVDF/TBAC-PPy-MnO 2 nanober mats were immersed into 30 mL mixed solution, which contained Pb
2+
, Cu 2+ and Cd
. The initial concentration of each metal ion was 100 mg L
À1
, and the pH value of the solution was 6.0. Fig. 14 
Regeneration study
In order to improve sustainable use of the adsorbent for subsequent application and reduce the overall cost treatment, adsorbent regeneration study was performed. To investigate the desorption efficiency of the lead-loaded adsorbents, the adsorbents were desorbed with 50 mL 0.05 M HCl solution for 5 h, 24 h and 48 h, respectively, and the results were shown in Fig. 16 . It could be seen that the desorption ratio of adsorbents desorbed for 5 h were above 90%. When the desorption time increased to 24 h and 48 h, both the desorption ratios were above 95%. This results indicated that desorption equilibrium was obtained aer approximately 12 h. However, considering the practical application, the desorption time was selected to be 5 h.
The regeneration experiments in this study indicated that the PVDF/TBAC-PPy-MnO 2 nanober mat can be used repeatedly as efficient adsorbents for practical wastewater treatment at an optimal concentration of acid. Furthermore, only a tiny amount of MnO 2 might fall off from the surface of the adsorbents during the multiple desorption and washing steps. Due to the low-toxicity of MnO 2 , 60 there was almost no risk of secondary contaminants. Therefore, the prepared PVDF/TBAC-PPy-MnO 2 nanober mat in the present study will be an excellent candidate for the Pb 2+ removal from the contaminated water based on the high adsorption capacity, good regeneration together with convenient separation.
Adsorption mechanism
The XPS spectra of O 1s before and aer Pb 2+ adsorption were compared to better understand the adsorption process, and the results were shown in Fig. 17 . Before the Pb 2+ adsorption, the O 1s spectrum of PVDF/TBAC-PPy-MnO 2 nanober mat can be divided into three peaks at around 530.0 eV, 531.3 eV and 533.1 eV, which can be assigned to metal oxide (M-O), hydroxyl boned to metal (M-OH) and adsorbed H 2 O in the adsorbent, respectively. 25, 27 Aer Pb 2+ adsorption, it was clear that the area ratio of the peak at 530.0 eV assigned to M-O increased by 6.24% (from 46.87% to 53.11%). While the area ratio of the peak at 531.3 eV assigned to M-OH decreased by 6.64% (from 32.56% to 25.92%). It was obvious that the decreased M-OH area ratio equaled to that of M-O, which meant that the M-OH and M-O groups on the surface of PVDF/TBAC-PPy-MnO 2 adsorbent participated in the Pb 2+ adsorption process. The main adsorption mechanism maybe an exchange reaction between Pb 2+ and protons existed on the surface of manganese oxide, 24 which may be written as eqn (11) second-order rate model. The adsorption isotherms were tted better with Langmuir isotherm model. The thermodynamic analysis conrmed that the adsorption process was endothermic and spontaneous. The regeneration experiments showed that the obtained tree-like PVDF/TBAC-PPy-MnO 2 nanober mat also exhibited high recyclable removal efficiency. XPS analysis showed that ion exchange was the main mechanism for the Pb 2+ adsorption. Therefore, the tree-like PVDF/ TBAC-PPy-MnO 2 nanober mat may be applied as a promising adsorbent in heavy metal ions waste water treatment.
